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TUNING CONTROL PARAMETERS OF VIBRATION REDUCTION AND MOTION 
CONTROL SYSTEMS FOR FABRICATION EQUIPMENT AND ROBOTIC SYSTEMS 



reduction and motion control systems, suitable for use for use in, for example, the control of 
manufacturing equipment and robotic systems. 

Background of the Invention 



precisely control motion, is a coveted capability useful in governing the behavior of a wide 
variety of manufacturing processes and equipment. For example, it is well-known that 
semiconductor capital equipment, such as lithography stages, laser light sources, metrology 
stages, pick-and place-equipment and wafer-handling robots, must operate within specifically 
calibrated, relatively fault-intolerant operational ranges of movement and other physical 
conditions. Beyond these ranges, the products produced by such equipment, and the equipment 
itself, may be defective or nonfunctional. 

[0003] Indeed, semiconductor chip manufacture can be so sensitive, that tiny ranges of 

unwanted motion, for example, in the micrometer (|im) to nanometer (nm) range, can interfere 
with components or subsystems that require precise alignment and positioning. The need for 
such near-exacting precision in chip manufacturing is illustrated, for instance, in the careful 
matching of a wafer mask to a silicon substrate. Because, in this context, small variances in 
mask placement may escape detection until the quality control inspection, or worse, until 
installation in end-products, the need for identifying and quickly correcting the effect of 
positioning and disturbance-related errors in the first place is of utmost importance. 
[0004] As chip-making technology has advanced, for example, through the use of 

advanced photolithography lasers such as those sold by Cymer, Inc. of San Diego, California, 
chip throughput requirements have also increased. One consequence of the increased 
requirements has been a larger positioning bandwidth of photolithography stages. However, with 
greater bandwidth has come increases in the attendant motion or stage control issues. For 



Field of the Invention 



[0001] 



The invention relates to the tuning of control parameters relating to vibration 



[0002] 



The ability to accurately and controllably reduce vibration, and to otherwise 
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example, among other effects upon manufacturing, the increase in positioning bandwidth has 
implicated the need to predict and control flexible deformation modes of stages into the control 
band of the system. This, coupled with the typical stage's relatively low level of structural 
damping (arising from the requirement that the stages be both light and stiff), creates a host of 
scenarios where the stage must be carefully controlled to achieve sustained, near-optimal 
operational behavior. Here again, the need for highly precise control is keenly felt. 
[0005] Any control system used in such situations should ideally be capable of tuning 

itself to maximize system performance in the presence of these variations. Also, since optimality 
of the control system is dependent on magnitude, frequency response, and other characteristics of 
system disturbances, the control system preferably should notice, adjust and, if necessary, 
compensate for and overcome unwanted effects of the disturbances. 

[0006] Active vibration and motion control provides one promising method of achieving 

adequate system governance. Active control is often a suitable technology for dealing with 
vibration and motion control issues for a number of reasons, such as those discussed in 
commonly-owned U.S. Serial No. 09/491,969, which is hereby incorporated by reference. 
However, unknowns in plant dynamics and unforeseen disturbances to the system being 
controlled can significantly alter the actual results attained through active structural control, 
especially when used with sensitive machines such as semiconductor capital equipment. In this 
context, disturbances can manifest themselves in a variety of ways, such as affecting the signals 
input to the system being controlled, causing variances in sensor signals or by impacting 
performance variables. In addition, uncertainty in stage dynamics, and the impact upon those 
dynamics caused by changes in equipment configuration, mass distribution, and aging of 
equipment, subsystems, or components, all may serve to limit the performance of any standard 
control method chosen. 

[0007] The shortcomings of active control are especially appreciated when taken from a 

predictable laboratory setting to the rigors of the factory floor. In laboratory tests, one can 
characterize the system being controlled, including experimentally induced disturbances, before 
closing the loops and then adjust the control gains to get the best possible response out of the 
system. In this manner, it is possible to eliminate much of the uncertainty about a system's 
input/output behavior in a specified frequency range, especially when using modern system 
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identification techniques. In real world applications, however, it is more difficult to recreate 
system performance identical to that observed in the lab. Part-to-part variation results in 
differences in response to control inputs, even between nominally identical systems, and even 
when using the same controller. Changes in environment and equipment configuration can cause 
sometimes difficult to pinpoint modeling errors because they can vary from location to location 
and may also vary with time. These issues often arise in the case of semiconductor fabrication 
equipment, where the dynamics of the individual system may not be completely known until it 
has been deployed and used in the factory. Furthermore, the exact character of a disturbance in 
physical conditions, let alone specific disturbance frequencies, may not be known ahead of time 
with the precision needed to optimize performance and can be time-varying themselves. 
[0008] Researchers have been addressing these issues outside of the semiconductor 

industry by applying adaptive control techniques to the structural control problem. The thrust of 
these efforts has been to make the adaptive control algorithms as general as possible, with the 
goal of making a controller which uses an unchanging theoretical model to work for all 
conceivable systems under all conditions. Such an ideal controller usually is necessarily (and 
undesirably) complex for most practical applications and, in use, may limit the performance of 
the controller. In addition, if the model of the plant changes as a function of time, the 
performance of the controller may be limited if these changes are not captured in the model. 
[0009] Some research in the area of adaptive control has focused on its application to 

flexible structures. Roughly, the favored approaches of these efforts can be divided into three 
classes of feedback control: direct adaptive control, self tuning regulators, and tonal controllers. 
The direct adaptive controllers compute control gains "adaptively", i.e., directly from 
measurement errors. In general, these types of controllers guarantee stability via Lyapunov 
theory. However; direct controllers usually require that actuators and sensors be collocated and 
dual to enforce a positive real condition in the transfer functions. In practice, it is often difficult 
to construct sensor/actuator pairs that yield truly positive real behavior. Either non-idealities, 
such as amplifier dynamics, violate the condition, or the collocation of actuators and sensors 
forces an unsatisfactory reduction in closed-loop performance. 

[0010] Tonal controllers are those designed to perform disturbance rejection at one or 

several discrete frequencies. The disturbance is usually a sinusoid, usually of unknown 
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frequency. The tonal controller typically either adapts to changes in frequency, changes in plant 
dynamics, or both. This type of control can achieve perfect disturbance rejection (even in non- 
positive-real systems) in instances where the number of error sensors is less than or equal to the 
number of actuators and the actuators have sufficient control authority. Self tuning regulators 
add an extra step to the adaptation process, namely, the adaptive updating of an internal model in 
the tuning algorithm. This model is used to compute control gains. These methods generally do 
not require collocation, and are distinguished from each other primarily by the algorithm used to 
perform identification (ID) of the internal model. Among the ID methods used in these types of 
controllers are neural nets, modal parameters, physical structural properties (e.g. mass and 
stiffness) and families of models that span the parameter variation space. 
[0011] Generally, existing self tuning regulators exhibit several shortcomings that 

hamper their utility. For example, existing regulators update the controller (and the internal 
model associated therewith) at each controller cycle. As such, the computations required to 
ensure stability of the controller's operation are complex and burdensome. In application, there 
are times when these computations cannot be adequately performed during each controller cycle, 
such as when the equipment being regulated demands relatively high bandwidth control. In 
addition, because the equipment being regulated is in operation i.e., "normal use," while tuning 
data is acquired, it is undesirable and, sometimes impossible, to inject any alternative "test 55 
actuation signals into the system; thus, any self tuning is solely dependent upon the existing 
operating signals. The result is that there are times where these operating signals do not 
adequately excite the dynamics of the plant to a level necessary to obtain a high fidelity model of 
the plant dynamics. Since a controller, to some degree, is only as good as the plant model upon 
which it depends, model fidelity can directly limit the performance of the controller. Thus, in 
order to better characterize the plant, the ability to introduce an alternative excitation signal 
would be desirable. 

[0012] Attempting to tune controller parameters during system operation is an additional 

layer of complexity that is frequently excessive and unnecessary to most manufacturing 
applications. Indeed, many of the advantages of adaptive control, without the limitations 
imposed by non-linear stability requirements, can be realized by occasionally taking a 
manufacturing machine off-line i.e., "abnormal use," to gather system data and tune the 
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controller parameters based on the new data. This concept of tuning control parameters at 
infrequent intervals to improve performance of feedback control systems has been implemented 
in the context of tuning a proportional plus-integral-plus-derivative (PID) controller. Recent 
work extends PID auto-tuning concepts to multivariable systems, albeit systems with a few 
degrees of freedom or states, usually only suitable for measuring a maximum of three parameters: 
frequency, amplitude, and phase of a signal. Since only three parameters are measured, it is only 
possible to modify a controller for a system that is a second order (or lower) dynamic system. 
This constraint hampers the usefulness of this method. 

[0013] Moreover, it is typically only possible to apply this method to single-input, single- 

output PID controllers, making it poorly suited for dynamically complex multi-input, multi- 
output systems typical of semiconductor manufacturing equipment. Manufacturing equipment 
often requires more than about 16, and sometimes as many as 32 or more, states to accurately 
model the system and to control it adequately. Other work has extended the concept to 
multivariable systems, and employs the use of non-linear curve fitting to match models to 
frequency response measurements. That work, however, has been generally limited to large 
flexible structures, such as spacecraft, and used several very high powered computers, including 
a Cray supercomputer, to implement the algorithms. Also, it assumed that transfer functions 
from disturbances and from actuators to performance variables could be measured. In addition, 
the prior work required the creation of unique mathematical filters for every given system 
configuration, which in turn required the services of a computer programmer to effectively create 
new software unique to any given control situation. As a result, prior attempts to tune control 
parameters in an off-line scenario have required large amounts of experimental data and 
significant amounts of processing time at uncommon processing speeds to achieve results. Such 
methods, using specialized equipment and expertise, proves to be impractical in a typical 
manufacturing setting for all but the most time- and cost-insensitive applications. 
[0014] Other prior systems and methods further demonstrate the need for a practical, 

novel approach to self-tuning regulators. For example, tuning of a portion of a control system is 
practiced by McConnell et al. in U.S. Patent Nos. 6,01 1,373 and 6,002,232, and Singer, et al. in 
U.S. Patent No. 4,916,635. However, the adjustment performed is considered to be command 
shaping. In these scenarios, adjustment of the input commands is performed rather than 
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adjustment of the feedback controller used to regulate the operation of the system. This 
adjustment to the input command is in response to errors measured from previous input 
commands. The disadvantage of this method is that it does not address external disturbances. 
[0015] McConnell et al. discloses the use of time domain measurements to update a 

single input, single output open loop controller in U.S. Patent No. 5,594,309. However, this 
system only provides for adjustment of the input filter used to command the point-to-point 
movement of the system. It does not provide for adjustment of the controller to account for 
external disturbances or for trajectory following. Dickerson et al. discloses a form of input 
command adjustment in U.S. Patent No. 5,946,449, which closely parallels the adjustment 
performed by Dickerson et al. 

[0016] In U.S. Patent No. 6,076,95 1 , Wang et al. disclose a system that employs relay 

feedback or step input, where a linear least squares curve fit is employed to derive the desired 
controller. In this case, a direct inversion of the desired closed loop performance is conducted. 
The controller structure and gains are derived directly from a system identification fit of the 
closed loop performance using a polynomial parameterization of the control. This method has 
poor numeric conditioning and, as such, usually will not converge to the correct model for large 
order (i.e., greater than 10 states) systems. In addition, the use of a step or relay input to the 
system does not always provide enough information about the dynamic behavior of the plant. 
[0017] WO 00/41043 by Tan et al. discloses a system that provides for adjustment of gain 

values for a PI controller using time domain data to determine how to adjust the system. This 
disclosure does not address updating of model parameters, but rather, requires that the model be 
known. As such, the performance of the system is not robust to variations in the plant. 



Summary of the Invention 
[0018] In accordance with the present invention, there are provided systems and methods 

that address the shortcomings of prior controller tuning and motion control attempts, with a 
minimum addition of hardware . 



[0019] 



Thus, according to one aspect 



of the invention, a system is provided to govern the 



behavior of a controller used to dictate moticn of a machine component. The system includes a 
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sensor that measures data that accurately characterizes the physical behavior of the component. 
The sensor takes its data reading when the con ponent is not in normal use. The system also 
includes a processor which dynamically generates a mathematical relation of minimal order 
based upon which the controller dictates component motion when the component is in normal 
use. 

[0020] According to another aspect of the invention, a system is provided to control the 

physical behavior of an apparatus. The behavior of the apparatus is estimated by an initial 
behavioral model. The system includes a sensor element, and a processor capable of generating a 
drive signal, estimating a updated behavioral model and generating a signal according to the 
controller used to control the behavior of the apparatus. 

[0021] According to a third aspect of the invention, a method is provided for governing 

motion in a physical system by inducing motion in the physical system, measuring frequency 
response data and updating an initial behavioral model according to the collected data. 
Appropriate stimulus is applied to the physical system causing motion in the system, thereby 
causing the system to behave as desired. 

[0022] According to yet another aspect of the invention, a method is provided for creating 

an updated model for the behavior of a physical system and for deriving optimal controllers 
based on the updated model 

Brief Description of the Drawings 
[0023] FIG. 1 is a schematic illustration of a control system according to the present 

invention in which tuning is implemented. 

[0024] FIGS. 2, 3, 4 are block diagrams illustrating several different embodiments of 

tuning systems according to the present invention in which the tuning processing is 
accomplished. 

[0025] FIG. 5 is a flow chart illustrating embodiments of the invention in which tuning or 

updating of the controller is performed. 

[0026] FIG. 6 is a schematic illustration of another embodiment of a control system 

according to the present invention. 
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[0027] FIG. 7 is a schematic illustration of a method for producing a LQG problem 

specification according to the invention. 



[0028] 



Detailed Description 

The systems and methods of the invention extend, for example, to fabrication 



equipment and robotic systems and to dealing with servo and tracking problems. The invention, 
in one regard, contemplates its application to command following, and does so in a sufficiently 
timely manner to allow it to be implemented in a typical semiconductor fabrication facility, 
although the invention is equally applicable to other scenarios, such as typical disturbance 
rejection problems. Thus, according to one aspect of the invention, a motion control system 
responds to some event, such as an operator command or automated detection of degraded 
performance by shifting the system into data acquisition mode. Such events, by way of example, 
might occur simply as a product of routine maintenance and/or daily line or plant shutdowns, or 
may occur in case of more serious, equipment malfunction-related causes. In this mode, transfer 
function data is collected by injecting signals into all relevant actuators and taking measurements 
from all sensors of interest. The data is collected in either an open or closed loop fashion. Using 
the previous model as an initial guess, the new data is used to update the model parameters. This 
is done by using non-linear curve fitting techniques to fit the log magnitude and phase of the 
transfer function data. The system is suited for use with either single input / single output (SISO) 
or multi input / multi output (MIMO) models. The new model is used to recompute a new 
controller. In one example, the new controller structure and controller gains are found by re- 
solving the original optimization problem used to derive the original controller, substituting the 
new model parameters (gains) and deriving the new controller and its parameters. Typical 
analytical methods for this are Linear Quadratic Gaussian (LQG), H-infinity, ja-synthesis and 
hybrids thereof. The new controller is loaded and the controller is restarted. 
[0029] In addition to the methods and processes encompassed by the invention, at least 

three new illustrative hardware systems are provided in accordance with the invention. In the 
first embodiment, feedback control is performed by a digital signal processor (DSP)-based 
system. The tuning capability is added by attaching the DSP to a host computer via an 
appropriate interface. System ID data is passed back to the host computer that performs the 
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model tuning and control redesign and passes the new controller back to the DSP. A second 
embodiment places all functionality for tuning and control redesign on the DSP. A third 
embodiment includes a second processor located on the DSP board or a daughter board attached 
to the DSP-based system. Of course, one possessing ordinary skill in the art will appreciate that 
other hardware configurations that remain within the scope of the invention are possible. For 
example, in the first embodiment, the host computer could be located off-site and thus the data 
transfer between the host and the DSP could occur over a communications link, such as an 
ethernet connection or through the use of a product like CymerOnLine™ , also offered by Cymer, 
Inc. 

[0030] The present invention also allows for taking a relatively few measurements from 

the system (such as gain and phase at only a few frequencies) and using this information to 
directly and accurately modify the control gains of the system (direct adaptation). One instance 
of this is using several measurements to determine the frequency at which a peak in the modal 
response occurs and the gain and phase at that peak. The gains of an active damping filter are 
adjusted to maintain the specified loop gain and phase at the peak. 
[0031] In systems that have configuration dependent or operating point dependent 

dynamics, such as robots, the proposed innovation is extremely useful. One existing impediment 
to implementing gain scheduled controllers in robotics is the amount of time involved to design 
controllers over a large configuration space. The tuning methodology proposed here would 
enable the automation of the computation of the gain schedule, thus allowing the operator to 
formulate one initial controller and allowing a control system according to the invention to 
iteratively update and refine the controller. 

[0032] Generally speaking, in order to fully characterize a system of interest, one 

provides information regarding the physical configuration of the system, e.g., the number and 
placement of actuators and sensors in relation to system components (the "plant"), as well as 
information regarding the desired control behavior of the system. This information is then 
processed to yield a "controller", which is a mathematical command structure according to which 
the system will be governed. It is important to note that the present invention does not 
specifically require user-input regarding system disturbances, which often are unforeseen. Thus, 
the tuning approach according to the invention has several steps, some or all of which are used 
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in different embodiments. These steps generally include system identification, controller 
updating, control parameter adjustment, and model adjustment; 

System Identification 

[0033] The process of updating an internal model to match measured data is system 

identification ("ID"). In a one possible embodiment, system ID is performed using transfer 
function data collected between key actuators and sensors in the system. The logarithmic error 
between the model and the data is penalized in the optimization using the following relation: 



PIN 

0 = argmin XXI 

e j=\k=\ 



108 



1 

i 



where G is a vector of parameters which describe the model (usually input by a user, such as a 
control engineer), Gy(A,e) is the frequency response of the model from actuator j to sensor 
measured at frequency f k , G ih {f k ) is the measured frequency response from actuator j to sensor i 
measured at frequency f k . p is the number of sensors, q is the number of actuators, and N is the 
number of frequency points of interest. The model is parameterized using a pole-residue form: 

n C- b • 

G"(f,8) = Y-7 — — — v for continuous time systems. 

ljV ' ' £(j27Tf- Pk ) 



Gjj (f ,0) = ^ / . 2 J^ kj — \ for discrete time systems. 
k=i (e J 71 — Pk J 

where the elements of the parameter vecto r, 0, are the coefficients, c ik , b k j, and p k . This 
parameterization offers two key advantage s: 1) it has been demonstrated to have good numeric 
conditioning; 2) it can represent multivariable systems with minimal order. "Minimal order" in 
this context means the fewest number of ; tates needed to accurately model the behavior of the 
plant. Of course, other parameterization methods may used instead, such as polynomial 
parameterization, pole-zero parameterization, and modal parameterization. 
[0034] The Levenberg-Marquardt algorithm has been demonstrated to be useful in 

solving this type of curve fitting problem, though other solution methods, including other non- 
linear curve-fitting methods such as Gauss-Newton, steepest descent and Powell's method, or 
linear and least squares-type methods, could be used instead. The parameter estimate, 0 , 
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minimizes the cost function, J(0), which can be expressed as a sum of squares of error terms, 
Pi(6). 

nout nin npts « N 

e = argminj(0) = XIIk( e 1 =S|PiW 

6 i=l j=l k=l i 

The error terms in this case are the logarithmic transfer function error for each actuator, sensor 
and frequency of interest. 
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The parameter estimate is found iteratively. First, define the gradient and Hessian 
approximations for the cost function, J: 
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At each iteration, a new search direction is computed by solving the equation: 

se« = -(r(e (i) )+ xdia g {r{QV)f r(e«) 

The parameter, X, in this equation is a positive real constant which is varied as the algorithm 
progresses. As the cost function, J displays more quadratic behavior, the value of the parameter, 
X, is decreased. The parameter vector for the next iteration is found by minimizing the cost 
function over this search direction: 

q(m) = e (i) +59 {i) argmin j(e (i) + oc59 (i) ) 
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[0035] The system ID method used in the invention, such as the one described above, 

offers several advantages. For example, since it is based on transfer function data, the quality of 
the fit can be adjusted based upon frequency range. Thus, the model can be generated to match 
the data closely in frequency ranges important for control design (e.g., near the loop gain 
crossover frequency), and allowed to merely approximate the data in frequency ranges where the 
model information is not important (i.e. frequencies where the control gains have been rolled 
off). Another advantage stems from the fact that the algorithm includes log magnitude and phase 
explicitly in the error function used for curve fitting, quantities that are important to good control 
design. Yet another advantage of the ID method used in the invention is that the model 
parameterization, cost function, and curve fitting algorithm together have a very good region of 
convergence. As a result, the algorithm recovers the optimal fit to the data even when the initial 
guess has very large errors. 



Updating The Controller 

[0036] Once the model has been updated, it may be desirable to update the controller 

gains. This is usually done by constructing and solving an optimal control problem, such as is 
described by a properly formulated Linear Quadratic Gaussian (LQG) problem. A compensator 
is generated during the solution of this problem by minimizing the following equation: 
J = e[x t Qx + u T Ru + x T Nu\ 

when the system is subject to Gaussian white noise on disturbances and sensors. In this equation, 
x is a state vector of the system, u is a vector of control inputs, and Q, R, and N are state and 
control weighting matrices. E[] is the expectation operator. 

[0037] Notably, the information used to create the optimal control problem is the actuator 

to sensor information. Additionally, it may be desirable to standardize the optimal control 
problem formulation as much as possible. Toward this end, the inventors have found it possible 
to reduce specifying the optimal control problem to specifying a finite set of values. A computer 
program implementing the auto-tuning algorithm reads these values from a file or an alternate 
communications channel at run-time. Advantageously, this permits a designer to quickly make 
changes to the optimal control problem formulation, and to observe the effect of these changes in 
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the actual system, without having to recompile the program. This approach is in some regards 
analogous to being able to download the coefficients specifying a controller at run time. 
[0038] In practice, keeping with the LQG method by way of example, the design problem 

is typically specified by describing, or at least estimating, the input / output behavior from all 
disturbances (including sensor noise), w, and controller outputs, u, to all performance variables 
(including controller penalty), z, and controller inputs, y. In general, this is done by specifying a 
state space filter which maps disturbances and controller inputs to performance variables and 
controller outputs. This filter includes frequency weighting filters used by the designer to adjust 
the properties of the controller returned by the LQG algorithm as well as the plant dynamics. 
[0039] For automated controller design, it is usually necessary to separate the plant 

dynamics from the frequency weighting filters. Figure 7 shows the most general way in which an 
actuator to sensor model can be combined with weighting sensors to produce a full LQG 
problem specification. This figure uses filters Ei, E 2 , E 3 , Di,D 2 , Fi, and F 2 to specify the 
relationship between disturbances, w, performance variables, z, controller inputs, y, controller 
outputs, u, plant inputs, r, and plant outputs, s. Mathematically these relationships are expressed 
as: 

z = E!W + E 2 u + E 3 s 
r = F,w + D,u 
y = F 2 w + D 2 s 

or in more compact form: 
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The identified actuator to sensor model and the filter, F, completely describe an LQG problem 
formulation, and since the solution of the LQG problem is unique, the filter, F, completely 
describes a mapping from an identified model to a controller. The filter, F, is thus universally 
applicable, obviating the need for programming a new filter for each configuration of equipment, 
thus saving time, money, processing power, and computer programmer time. Indeed, to specify 
this map, the designer only needs to provide the coefficients, i.e., a vector of numbers, describing 
a state space model of the filter. Alternatively, instead of updating the controller gains as 
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described above, the control parameters themselves may be adjusted using techniques such as 
non-linear optimization to minimize a more general set of cost functions: 
J = F$,Q C ) 

where 9 is the vector of model parameters, and 0 C is a vector of controller parameters. An 
example of this is multi-model optimization, where the LQG cost function is optimized 
simultaneously for several different actuator to sensor models. This approach provides a 
controller which is less sensitive to variations. The multiple models can either be obtained 
directly from the plant by performing system identification with the plant in different 
configurations, or it can be obtained by applying parametric variations to a single identified 
model (such as varying modal frequencies). 

[0040] Another example where applying non-linear optimization to adjust the control 

parameters is the case when the LQG problem is as specified above, but the controller order is 
fixed to be less than the total number of plant and filter states. In this case, the normal LQG 
solution (which returns a controller with order equal to the total number of plant and filter states), 
cannot be used. Instead, the optimal controller is found by using iterative search methods. 
[0041] Alternatively, instead of updating the controller gains as described above, the 

control parameters may be adjusted using techniques such as non-linear optimization to minimize 
a more general set of cost functions: 
J = F$,Q C ) 

where 0 is the vector of model parameters, and 9 C is a vector of controller parameters. 
[0042] Additionally, this approach to tuning can be used to adjust the controller directly 

from the measured data, without performing system ID. In this case, key controller parameters 
are explicitly made functions of the measured response. 

e c = h[g,j {f k ), / = i j = i = i ..Jf) 

By way of example, this final case of tuning could be useful for updating or tuning positive 
position feedback (PPF) compensators in which the goal of the controller is to damp out 
vibration in a piece of manufacturing equipment. 

[0043] Figure 1 shows a schematic illustration of a control system 80 according to the 

invention in which tuning is implemented. In nolmal mode, a switch 10 selects an output 12 of a 
controller 21 (typically a computer processor) as an input 13 to a plant 20 ("plant" being used 
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herein as a generic term for the system being Controlled, such as manufacturing equipment). 
When the system 80 is switched to tuning modk the plant input 13 is switched to a function 
generator 15. Signals going into the plant, i.e., blant input 13, and coming out of the plant, i.e. 
plant output 17 (from sensors in the plant), including the addition of any system disturbances 9, 
are analyzed and an internal model of the system is updated to reflect the new data. Model 



estimation 18 is passed to a tuning algorithm 19 



maximize stability and performance. The updated, or tuned, controller parameters are then 



installed or written into the controller 21 at, for 



which adjusts or tunes the controller 21 to 



ixample, an electronic memory location. Then, 



the switch 10 is toggled to begin controlling the ^ystem in normal operation. 
[0044] Figure 2 adds detail to the plant, in this case, manufacturing equipment 20, and 

shows a procedure by which control parameters can be updated for manufacturing equipment 20, 
where equipment 20 is shown as including sensor(s) 25, actuators or motor(s) 23 and 
manufacturing equipment 24. In this embodiment, an event 51 occurs which causes the system 
to switch the controller 21 into data acquisition mode 52. Events 51 that might initiate this 
change include a command generated by an operator, a command generated as a result of a clock 
in communication with the system, or a change in the performance of the system. In this 
embodiment, when the controller 21 is placed into data acquisition mode, it generates a drive 
signal that is applied to amplifier(s) 22, which then applies a signal to the actuators/motors 23. 
The actuators/motors 23 command some motion or action in the manufacturing equipment 24. 
The motion of action results in the sensor(s) 25 generating at least one sensor signal that is at 
least partly responsive to, or indicative of, the motion or action generated by the actuators 23 on 
the manufacturing equipment 24. The sensor signal is then conditioned by signal conditioner 26 
and passed back to the controller 21. At this point, the controller 21 would follow the procedure 
illustrated in Figure 5 following the point in which the system acquires new data in data 
acquisition mode 53. 

[0045] Figure 3 shows an alternative proce dure by which control parameters can be 

updated for a system or plant 20. In this embodiment, an event 5 1 occurs which causes the 
system to switch the secondary processor (or a ho: t personal computer PC) 27 into data 
acquisition mode 52. Events 51 that might initiate this change include a command generated by 
an operator, a command generated as a result of a :lock in communication with the system, or a 
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change in the performance of the system. In 



is placed into data acquisition mode it genera ;es at least one signal that is applied to amplifier(s) 
22, which then applies at least one signal to t le actuators or motors 23. The actuators or motors 
23 command some motion or action in the mi inufacturing equipment 24. The motion or action 



results in the sensor(s) 25 generating at least 



one sensor signal that is at least partly responsive to 



sensor signal is then conditioned and passed 
27 would follow the procedure illustrated in 
acquires new data in data acquisition mode 
55 or 56, are created according to Figure 5, s 



his embodiment, when the secondary processor 27 



the motion or action generated by the actuato 's 23 upon the manufacturing equipment 24. The 



:>ack to the processor 27. At this point, the processor 
"igure 5 following the point at which the system 
3. Once the new controller or control parameters, 
s scondary processor 27 would write or install the 
controller or control parameters into processor 21 . The system would then switch into controller 
mode 58. 

[0046] Figure 4 shows an embodiment of the procedure where an event 51 commands the 

system to enter data acquisition mode 52. This command to enter data acquisition mode is first 
communicated to the controller 21 which then communicates with secondary processor 27. 
Secondary processor 27 then continues with the procedure as described in Figure 3. 
[0047] Figure 6 illustrates one embodiment of a feedback control system that could be 

used on a piece of manufacturing equipment. In this embodiment, the manufacturing equipment 
40 sends a signal 81 to a communication module 41. The module 41 then sends the signal to the 
processor 42. This signal may correspond to the jvent 51 that is described as part of Figure 5. 
The processor 41 then sends a signal to amplifier 46 that then sends a signal 87 to the 
actuator/motor 45. Actuator/motor 45 then acts on the manufacturing equipment 40. A sensor 
44 then measures the behavior of the manufacturi ig equipment 40 due to the effect the 
actuator/motor has upon the manufacturing equipment 40. The sensor 44 then sends a signal to 
signal conditioning unit 43. Signal conditioning unit 43 then sends signal 85 to the processor. 



By way of example, processor 42 might be Mode 
with offices in Simi Valley, CA. This processor ijs 
processor single board computer featuring analog 



SBC67 supplied by Innovative Integration Inc. 
a high performance stand-alone digital signal 
nput and output capability. 
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17- 
Equivalents 

[0048] While the invention has been particularly shown and described with reference to 

specific preferred embodiments, it should be understood by those skilled in the art that various 
changes in form and detail may be made therein without departing from the spirit and scope of 
the invention as defined by the appended claims. 



